The PIKK family
In 1985, it was observed that the addition of double-stranded DNA (dsDNA) to human cell extracts stimulated the phosphorylation of several proteins and, four years later, the protein kinase responsible was identified (Lees-Miller & Meek, 2003) . DNA-dependent protein kinase catalytic subunit (DNA-PKcs), as it came to be known, was found to be a crucial mediator of DNA damage and repair. Ten years later, the gene responsible for the rare human disease ataxia-telangiectasia was identified and designated ataxia-telangiectasia mutated (ATM). The catalytic domain of the ATM sequence is highly similar to that of DNA-PKcs, and together, these proteins are most closely related to the phosphoinositide-3-OH-kinase (PI3K) catalytic domain, despite the fact that neither of them are known to phosphorylate lipids (for a review, see Kurz & Lees-Miller, 2004) .
During the past few years, additional PI3K-related kinases (PIKKs) have been identified, and the family now has six known members (Abraham, 2004a) . In addition to DNA-PKcs and ATM, the family includes ATM and RAD3-related (ATR), mammalian target of rapamycin (mTOR), suppressor of morphogenesis in genitalia (SMG1) and transactivation/transformation-domain-associated protein (TRRAP). These enzymes are referred to as atypical protein kinases (Manning et al, 2002) . All family members except TRRAP have kinase activity towards Ser or Thr residues in proteins, and all but mTOR show specificity for Ser/Thr-Gln motifs. None of them show any lipid kinase activity. The kinase activity of these proteins in vitro is fully activated when using Mn 2+ as a co-factor, as compared with classic protein kinases that usually use Mg 2+ (Kim et al, 1999) . It is not yet known whether this is biochemically significant, as DNA-PKcs can be activated without Mn 2+ as long as its accessory proteins (Ku70/80) and dsDNA are bound. TRRAP retains most of the catalytic domain, but lacks the residues that are essential for binding ATP and does not show protein kinase activity (McMahon et al, 1998) .
The general domain structure of the PIKKs is well conserved between organisms (Fig 1) . PIKKs are defined by their carboxyterminal PI3K catalytic domain and are flanked on the amino-and C-terminal sides by the FAT (FRAP, ATM and TRRAP) and FATC (FRAP, ATM and TRRAP C-terminal) domains, respectively. Together, these three domains account for approximately 5%-10% of the total size of the protein. The remaining sequence is almost exclusively made up of HEAT (Huntingtin, elongation factor 1A, protein phosphatase 2A A-subunit, TOR) repeats (Perry & Kleckner, 2003) , except in DNA-PKcs in which the related ARM (Armadillo) repeats are found.
Overall observations of plant PIKKs
Three out of the six known PIKKs have been characterized to some degree in Arabidopsis: AtATM, AtATR and AtTOR. A fourth member, TRRAP, was noted in a previous study through analysis of model organism genomes (McMahon et al, 1998) . In an attempt to find unique PIKK family members, we used BLAST software to search the Arabidopsis thaliana genome with the FAT, PI3K and FATC domains from human (Hs) ATM, with no success. Previous work did not find an orthologue to SMG1 in the Arabidopsis genome (Maquat, 2004 ), but we identified a likely candidate in rice (see below). No DNAPKcs gene has been found in Arabidopsis (Tamura et al, 2002) or in other plant genomes and thus will not be discussed further here. It is interesting to note that there seems to be no duplication of the PIKK genes in plants in which numerous genome duplications have occurred. Sequencing of the A. thaliana genome has revealed at least three rounds of genome duplication, which is thought to provide a major resource for genome and gene evolution (Moore & Purugganan, 2005) . Many plant genes exist as two or more copies; however, some genes were selectively lost during genome evolution after a duplication event. This seems to be true for the plant PIKKs and probably supports the idea that the PIKKs are ancient molecules with functions that were defined in an early eukaryotic ancestor and have not been expanded on with the genetic material provided by genome duplication.
Examination of the four PIKK family members found in A. thaliana and SMG1 in rice allows some comparison of overall features (Figs 1,2; supplementary Figs 1-4 online). First, analysis shows that in plants, as in mammals, TRRAP lacks several key catalytic residues, such as the DXXXXN motif present in all protein kinases. The other three PIKKs in Arabidopsis and the rice SMG1 homologue have these key residues, and as such are predicted to show protein kinase activity (Fig 2; supplementary Fig 5 online) . Wortmannin-a potent inhibitor of PI3Ks and a relatively potent inhibitor of the PIKK family-functions by covalently modifying a lysine residue in the ATP-binding pocket of the kinase domain (Wymann et al, 1996) . This lysine is conserved in the four plant PIKK family members that are predicted to have protein kinase activity, but not in TRRAP. This indicates that wortmannin may be effective as a PIKK inhibitor in plants and thus could be a powerful biochemical tool in the study of plant PIKK-regulated events.
As a rule, classic protein kinases are made catalytically competent by phosphorylation in the middle of their activation loops, loosely defined by the 'DFG' and 'APE' boundaries. Mutation of the appropriate Ser, Thr or Tyr to an Asp or Glu in an activation loop can activate these protein kinases to varying extents.
Plant calcium-dependent protein kinases are not phosphorylated in their activation loops and have an Asp or Glu residue in the equivalent position of most activation-loop Ser/Thr phosphorylation sites (Harper et al, 2004) . The putative activation loops (as defined by DFG-APE; Fig 2) of the Arabidopsis and human PIKKs, with the exception of HsDNA-PKcs, do not contain a Ser, Thr or Tyr residue at this position. However, most retain an Asp or Glu in the middle of this loop. This highlights the potential for these kinases to be considered in an activated state and thus regulated by alternative means. This is not unlike the first protein kinase to be characterized, phosphorylase kinase, which has a Glu residue in its activation loop. When this is mutated to Ser, catalytic efficiency decreases 20-fold (Nolen et al, 2004) .
The presumed site of protein-protein interaction for the PIKK family-the HEAT repeats-is rather difficult to define precisely because the sequence motif and connecting loop length vary considerably. However, a study of HEAT repeats in AtATM, AtRAD3 (ATR) and AtTOR found that the PIKKs should all have the same number of HEAT repeats as their mammalian counterparts, with the exception of AtATM, in which 800 extra amino acids were not examined for HEAT repeats (Perry & Kleckner, 2003) .
ATM
The ATM protein is a key component in the regulation of the cellular response to ionizing radiation (IR). Under DNA-damaging conditions such as double-stranded breaks (DSBs), HsATM becomes phosphorylated and an autophosphorylation event on Ser1981 is vital for enzyme activation. Protein phosphatase 2A (PP2A) has been shown recently to control the phosphorylation status of HsATM, which leads to the possibility that the key activator of ATM may not be the initiation of autophosphorylation, but a decrease in dephosphorylation (Goodarzi et al, 2004) . This is achieved by the rapid dissociation of PP2A from HsATM in response to DSBs. Once activated, ATM phosphorylates some effector proteins, such as p53, directly and others indirectly, as it also activates several protein kinases, such as Chk1 and Chk2 (for a review, see Kurz & Lees-Miller, 2004) .
The ATM homologue in A. thaliana (AtATM) was identified originally through expressed sequence tag (EST) data and confirmed with BAC sequencing before the Arabidopsis genome was published (Garcia et al, 2000) . Comparisons with the human ATM sequence reveal some similarities and differences (Fig 2;  supplementary Fig 1 online) . The AtATM protein is 17% identical to its human counterpart across the entire length of the protein (22% similar), and the FAT-PI3K-FATC region is 34% identical (54% similar). Whereas the other members of the PIKK family in Arabidopsis are of similar length to their human counterparts, the AtATM protein is 800 amino acids longer than HsATM. These extra residues are not found in any other ATM orthologue (including the orthologue from Oryza sativa (rice) and are located at the extreme N-terminus. Part of this extra sequence comprises a PWWP domain (Garcia et al, 2000) , which binds to DNA and specifically localizes proteins to chromatin (Qiu et al, 2002) . The PWWP domain of AtATM aligns with the PWWP domains of several other proteins (supplementary Fig 6 online) , including a human methyltransferase that binds to DNA through its PWWP domain. DNA binding is thought to involve an extremely basic surface in the PWWP motif and this is maintained in the Arabidopsis protein. Studies of AtATM have shown that it, like its human counterpart, is expressed ubiquitously and is involved in the response to DNA damage. AtATM mutants are partially sterile due to various meiotic defects, and are hypersensitive to IR as well as being deficient at inducing transcription of the genes that are involved in the repair of DSBs (Garcia et al, 2003) . Recently, it has been observed that AtATM and AtATR (see the next section) are each responsible for a subset of histone H2AX phosphorylation events in response to IR (Friesner et al, 2005) . Phosphorylation of H2AX at the site of DSBs is one of the earliest known events in response to this insult. By monitoring the foci formed through the phosphorylated H2AX using immunocytochemistry, it is possible to quantify the number of DSBs in each cell. Approximately 90% of this foci formation is dependent on AtATM. Interestingly, observations made in the same study also indicate that plants have roughly threefold less sensitivity to IR, and that the increased resistance is probably due to a greater resistance to damage as opposed to a greater DNA damage tolerance.
RAD3/ATR
ATR was originally discovered when analysing genes with sequence similarity to ATM in Saccharomyces cerevisiae and Schizosaccharomyces pombe, and was found to be related to the RAD3 protein of S. pombe. Whereas the loss of ATM function causes serious disease in humans, the null mutation of ATR is embryonic-lethal in mice. ATR can also complement some of the function lost in ATM mutants, which indicates that the functions of the two proteins overlap to some extent. ATR has been found to be activated by replication protein A (RPA)-bound DNA. Because RPA normally binds to single-stranded DNA (ssDNA) in DNA replication (as well as in DNA repair), this indicates a role for ATR in the normal progression of the cell cycle and possibly explains the embryonic lethality of ATR-null mutants (for a review, see Shechter et al, 2004) .
The Arabidopsis homologue AtATR is 23% identical (42% similar) to HsATR and has no significant extra or missing residues : and transactivation/transformation-domain-associated protein (TRRAP; human gi 4507691, Arabidopsis gi 22329206). Arabidopsis does not contain an obvious suppression of morphogenesis in genitalia 1 (SMG1) orthologue, but Oryza sativa does (gi 50918505), and is shown along with its human counterpart (gi 18765739). Residues in yellow are important for ATP binding, and are necessary for kinase activity. Of particular interest are the highlighted DXXXXN,'DFG' and 'APE' motifs conserved in all active protein kinases. Acidic residues (Asp or Glu) in the putative activation loop are marked in red. The lysine in green is also involved in ATP binding and is covalently modified by the phosphoinositide-3-OH-kinase (PI3K) inhibitor, wortmannin. Sequence alignment was performed using ClustalX (Thompson et al, 1997) . (Fig 2, supplementary Fig 2 online ; Culligan et al, 2004) . Whereas ATR is necessary for development in mammals, this is not the case in plants. ATR-null mutants in Arabidopsis show no discernible phenotype under standard growth conditions. Cell-cycle arrest by IR at G2 is altered slightly in atr plants; however, aphidicolin treatment, which prevents DNA replication and normally leads to G2 arrest, does not arrest the null plants at G2. This shows that in plants, as in mammals and yeast, ATR is involved in the G2 checkpoint response. One main difference observed in plants is that hydroxyurea leads to G1 arrest, as opposed to the G2 arrest observed in mammals and yeast. This indicates a checkpoint response in plants that is absent from other eukaryotes (Culligan et al, 2004) . Approximately 10% of the IR-induced foci formation in Arabidopsis cells is dependent on ATR, and in mutants that are defective in both ATM and ATR, no IR-induced H2AX phosphorylation occurs. Because of the non-lethal phenotype of atr plants, and the lack of a plant DNA-PK, the substrates and roles of ATM and ATR may be more specifically elucidated in plants. Providing these targets are found to be conserved, plants offer an ideal model to study DNA damage and repair in eukaryotes.
TOR
The TOR protein is now recognized as one of the primary controls of growth in eukaryotic cells. In mammalian cells, the activity and function of TOR-and thus the activity of its targets-is controlled by various factors including amino-acid levels, growth factors, ATP availability, hypoxia, polyphosphate and phosphatidic acid (Martin & Hall, 2005) . In this way, cell growth is coupled tightly to nutrient availability. Mammals and yeast have rapamycin-sensitive and -insensitive TOR complexes. in which rapamycin functions as a TOR inhibitor by forming a complex with the protein FK506 bindingprotein 12 (FKBP12) that then binds TOR (Fig 3) . The rapamycinsensitive complex contains mTOR, regulatory associated protein of mTOR (Raptor) and G L (G protein -subunit like), and the equivalent proteins TOR, KOG (kontroller of growth) and LST8 (lethal with sec thirteen 8) in S. cerevisiae. The mammalian complex of mTOR, Rictor and G L (TOR, AVO1-3 (adheres voraciously to TOR2) and LST8 in S. cerevisiae) is rapamycin-insensitive due to its inability to bind rapamycin-FKBP12. The complex containing Rictor (mammals) or AVO1-3 (yeast) regulates the actin cytoskeleton (Jacinto et al, 2004) . The two targets of the TOR-Raptor complex that are best characterized are the ribosomal protein S6 kinase 1 (S6K1) and the transcriptional repressor 4E-BP1. As the name suggests, S6K1 was characterized as an S6 protein kinase, but recently discovered targets of S6K, such as upstream binding factor (UBF), eukaryotic initiation factor 4B (eIF4B) and S6K Aly/Ref-like target (SKAR) have shed new light on the role of this enzyme. In mammals, phosphorylation that is dependent on mTOR causes the activation of S6K1 and the inhibition of 4E-BP1, together upregulating both transcriptional machinery synthesis and general protein synthesis (for a review, see Martin & Hall, 2005) .
Arabidopsis and rice have a single TOR gene. AtTOR is a 2,481 amino-acid protein (compared with 2,549 amino acids in HsTOR) that is 39% identical (57% similar) to its human counterpart, making it the most highly conserved member of the PIKK family between humans and plants (Fig 2; supplementary Fig 3  online ; Menand et al, 2002) . The FKBP12/rapamycin-binding (FRB) domain is situated between the FAT and the PI3K domains, as in HsTOR, and is nearly 62% identical to the FRB of HsTOR (supplementary Fig 3 online) . Despite the fact that this domain is conserved, A. thaliana and all other plants examined so far have been found to be rapamycin insensitive. This is due to the inability of plant FKBP12 to mediate complex formation with plant TOR (Xu et al, 1998) . The two mammalian interactors of the rapamycin-sensitive HsTOR complex, Raptor and G L, have orthologues in plants (Templeton & Moorhead, 2004) , whereas Rictor/AVO1-3 seems not to be present in plants (R. Loewith and J. M. Mulet, personal communication). Deprost et al (2005) have identified two Raptor genes in Arabidopsis (AtRaptor1 and AtRaptor2) and rice, and have shown that T-DNA knockout of Raptor1 leads to seed abortion and arrest of embryo development at a stage earlier than a TOR knockout.
Current work in mammals indicates that signalling through mTOR/Raptor requires docking to the TOR complex through the TOR signalling (TOS) motif identified in S6K1 and 4E-BP1. Although plants have two S6K proteins, they do not have a TOS motif in their N-terminus or the recently identified S6K C-terminal motif RSPRR necessary for the mTOR-dependent suppression of S6K activation (Schalm et al, 2005) . Like yeast, there is no apparent 4E-BP1 orthologue in plants although functionally similar proteins do exist (Cosentino et al, 2000) . The best candidate for a TOR substrate in plants is the Mei2-like protein, which has been shown to interact with one of the Arabidopsis Raptor proteins (Anderson & Hanson, 2005) . In S. pombe, Mei2 interacts with the Raptor protein Mip1, and it is thought to be a substrate for TOR due to its phosphorylation under high nutrient conditions, when TOR is active. Under nutrientpoor conditions, S. pombe Mei2 accumulates in the nucleus as an unphosphorylated protein that binds a non-coding RNA molecule through one of its three RNA-recognition motifs (RRMs). These RRMs are conserved in the plant version of Mei2. Curiously, the Raptorbinding protein Mei2 does not exist in budding yeast or metazoans. One final mystery is that in mammals, functional TOR is expressed in all tissues, whereas in plants, TOR has been found only in non-differentiated, rapidly growing meristematic cells. This leads to questions about nutrient regulation of protein synthesis in mature tissues (Menand et al, 2002) .
TRRAP
The only catalytically inactive member of the PIKK family, TRRAP, seems to have lost its kinase activity and functions solely in a protein scaffolding role (McMahon et al, 1998) . Initially purified from human cells as an interacting protein of c-Myc, it is now known to be in a complex with many different histone acetyltransferase (HAT) proteins. TRRAP, like the rest of its PIKK brethren, has also been found to regulate mitotic checkpoints, and genome-wide analysis indicates involvement in the cytoskeleton, cell adhesion, protein turnover, metabolism and signal transduction (for a review, see Herceg & Wang, 2005) .
The TRRAP orthologue in Arabidopsis has 24% identity (45% similarity) to the human protein and is approximately the same length. It is also missing many of the key ATP-binding residues from the catalytic domain, indicating that it, too, is devoid of kinase activity (Fig 2; supplementary Fig 4 online) . Human TRRAP contains many N-terminal HEAT repeats, like other PIKKs, but the exact number has yet to be defined. Because AtTRRAP differs in size to HsTRRAP by only nine amino acids, it probably has a similar number of HEAT repeats. There does not seem to be a TRRAP orthologue in the current version of the Oryza sativa genome sequence.
SMG1
SMG1 is the most recent member of the PIKK family to be identified. In the other PIKK family members, the kinase domains are no more than 200 amino acids from the C-terminal FATC domain, but in HsSMG1 and SMG1 orthologues, an additional 1,000 amino acids are inserted between the kinase domain and the FATC domain. The most highly characterized role of SMG1 is in nonsense-mediated decay (NMD). This is a process by which messenger RNAs with premature termination codons are degraded rapidly to ensure that potentially deleterious truncated proteins are not made. The possible roles of SMG1 now include stress-induced signalling, after it was discovered that HsSMG1 phosphorylates Ser15 of p53 with higher specific activity than ATM, which itself is a kinase for this site (for a review, see Abraham, 2004b) .
Database searches for an Arabidopsis orthologue of SMG1 were unsuccessful (Maquat, 2004) ; however, when the search was broadened to other plant genomes, a potential homologue was found in O. sativa that is 15% identical (32% similar) to HsSMG1 over the entire length of the protein (for comparison, Caenorhabditis elegans SMG-1 is 14% identical (29% similar) to HsSMG1; see supplementary Fig 5 online) . The Arabidopsis genome has been searched for orthologues to other proteins known to be involved in the NMD pathway in eukaryotes, namely SMG1-7 (Maquat, 2004) . All eukaryotes so far examined, including plants, contain orthologues of SMG2-4 (also called Upf1-3), and although there are no proteins with high similarity to Arabidopsis SMG5-7, there are two proteins with homology to the tetratricopeptide (TPR) repeats found in the N-terminus of SMG5-7 in metazoans (Maquat, 2004) . Recently, these repeats have been shown to function like 14-3-3 proteins in their ability to bind phosphoserine peptides, and in the case of human SMG7, to specifically bind to phosphorylated Upf1 (Fukuhara et al, 2005 Many of the components upstream of mTOR that receive and interpret the growth factor, nutrient and energy status inputs have been defined, but are not shown here for clarity (see Anderson & Hanson, 2005; Deprost et al, 2005; Martin & Hall, 2005) . Rapamycin sensitivity of the mTOR-Raptor complex is conferred through the binding of rapamycin (shown as a yellow star) to FKBP12. The protein mLST8 is also known as G L. S6K and 4EBP1 are known to dock with the mTOR complex through a short amino-acid sequence called the TOR signalling (TOS) motif that is illustrated as a red line on each protein. In plants, the upstream signalling events and downstream readouts of TOR have yet to be defined at the molecular level. Although rapamycin binds plant FKBP12, this complex fails to interact with TOR and plants are consequently rapamycin insensitive (illustrated by an X between plant TOR and FKBP12). The interaction between the plant Raptor protein and TOR has yet to be shown formally, and a dashed line is therefore used to connect them. The recently identified plant Raptor-binding protein Mei2-like is shown and is probably a TOR substrate.
Conclusion
The PIKK family of proteins has a key role in many of the stress responses of the eukaryotic cell, and thus has attracted much attention in the mammalian research community. The fact that five out of the six PIKKs are present in plants supports the idea that the PIKKs are a group of ancient eukaryotic protein kinases the function of which is to carry out key cellular responses to a variety of stresses. By studying similarities and differences in the pathways and proteins involved in plants and other eukaryotes, especially with regard to DNA-PKcs and SMG1, it is hoped that a better understanding of the roles of these protein kinases will be found. Supplementary information is available at EMBO reports online (http://www.emboreports.org).
